Nitrogen-vacancy centers in diamond are sensitive probes of time-varying magnetic fields that can be used to identify unknown spin defects in their nearby environment. Performing spectral quantum measurements on such single quantum probes enables gaining information about the internal structure and dynamics of nearby spin defects that would otherwise be inaccessible through direct or indirect measurements with classical probes. Here, we identify a system composed of two electron-nuclear spin defects in a diamond crystal by performing a series of spectral identification measurements using a single nitrogen-vacancy center in diamond. Besides enabling the identification of new spin defects and studies of their formation mechanisms, these techniques will be useful for scaling up quantum systems by converting environmental spin defects into quantum resources.
Quantum devices that exploit the spins of individual impurity atoms or defect sites in solid-state materials offer promising applications in quantum communication [1] [2] [3] , quantum information processing [4] [5] [6] and quantum sensing [7, 8] . Color centers with robust optical transitions and long-lived spin degrees of freedom are especially attractive to build optically interconnected networks of quantum registers [9] [10] [11] and optical transducers of time-varying magnetic fields at the atomic scale [12] [13] [14] . The most studied of such color centers is the nitrogen-vacancy (NV) center in diamond, because of its outstanding optical and spin properties under ambient conditions [15] .
An important problem with building scalable quantum devices based on synthetic NV centers is the existence of environmental spin defects, predominantly created as byproducts of the NV creation process, such as nitrogen-related centers, vacancies, and their aggregates [16] . Whereas these spin defects usually cause deleterious magnetic field fluctuations responsible for NV decoherence [17] , they could rather serve as additional quantum resources were their spin properties known and under control [18, 19] . Although many paramagnetic defects in diamond have been studied using electron spin resonance measurements on large spin ensembles [20] , novel quantum applications require characterizing single electron spin defects, which is impossible using standard magnetic induction detection. Spectral identification techniques are therefore needed to characterize the spin properties of single electron-nuclear spin defects coherently coupled to NV centers [21] [22] [23] [24] [25] [26] [27] , as this would expand the realm of spin defects accessible for practical quantum applications, such as the transfer of quantum information between distant quantum registers [28] [29] [30] and the improvement in sensitivity of quantum sensors [19, [31] [32] [33] .
Here, we demonstrate spectral identification techniques based on double electron-electron reso- 
Identifying two electron-nuclear spin defects in diamond. (a) A single nitrogen-vacancy center (NV) interacts with two unknown electron-nuclear spin defects (X1, X2) in diamond in the presence of a tunable static magnetic field B(θ, φ). Resonant microwave pulses selectively drive each electron spin, while an optical laser pulse initializes and measures the spin state of the NV electron spin. (b) The spinecho double-resonance spectrum exhibits two resolved hyperfine doublets centered around the free-electron resonance frequency associated with X1 (blue, outer spectral lines) and X2 (red, inner spectral lines). (c) The polar and azimuthal angles that parametrize the orientation of the static magnetic field and the principal axes of the hyperfine tensors are defined with respect to the crystallographic axes of the diamond crystal. (d) The strength and orientation of the static magnetic field is varied by translating a permanent magnet with respect to the diamond sample, whose edge is cut along the 110 crystallographic axis.
nance (DEER) measurements on a single NV center to characterize the spin properties of two unknown electron-nuclear spin systems in diamond. We exploit the non-trivial transformation of the spin Hamiltonian under rotation of the external magnetic field to estimate the parameters of the unknown spin systems in a manner analogous to tomographic imaging reconstruction. Because of the importance of precisely quantifying the strength and orientation of the static magnetic field, we first perform vectorial magnetometry measurements using the NV center. We then perform spectral identification measurements on the two electron-nuclear spin systems to characterize their hyperfine tensor and locate their position in the diamond crystal.
Experimental system-Our experimental system consists of a single NV center interacting through magnetic dipole-dipole interaction with two unknown electronnuclear spin defects (Fig. 1a) , which were randomly created by implanting N-15 nitrogen ions through nanoapertures in an isotopically-enriched C-12 diamond crystal [34] . The electron spin of each defect is coherently manipulated using resonant microwave pulses, while only the NV center is perturbed by the optical excitation pulse needed for spin-state initialization and spin-dependent fluorescence measurements.
We first measured the spin-echo double-resonance (SE-DOR) spectrum with a recoupled spin-echo sequence [35] , which probes the loss in coherence of the NV electron spin after being selectively recoupled to an electron spin transition coherently driven with a simultaneous π-pulse. We identified four resolved spectral lines centered around the resonance frequency expected for a free electron spin (Fig. 1b) , which we attributed to two hyperfine doublets associated with two electron-nuclear spins systems, X 1 and X 2 , each modeled by an electronic spin S = 1/2 and a nuclear spin I = 1/2. The large hyperfine splitting spectrally labels each electron-nuclear spin defect, enabling selective addressability of each hyperfine transition with negligible crosstalk.
The system identification problem consists in estimating the parameters of the spin Hamiltonian describing each of the two electron-nuclear spin systems,
where B = B(θ, φ) is the static magnetic field vector of norm B 0 , g is the g tensor of the electron spin, A is the hyperfine interaction tensor, g n is the g factor of the nuclear spin, β e is the Bohr magneton, and β n is the nuclear magneton (we set = 1). The general approach to perform spectral identification is to measure the energy eigenvalues of H(θ, φ) by varying the orientation of the static magnetic field B(θ, φ), which is parametrized by the polar and azimuthal angles, θ and φ, defined with respect to the crystallographic axes of the diamond crystal (Fig. 1c) .
Characterizing the strength and orientation of the static magnetic field -To systematically vary the orientation of the static magnetic field at the location of the NV center, we mounted a 25.4 mm-edge cubic magnet on a linearly-actuated translation stage with rotational degrees of freedom (Fig. 1d) . We aligned the magnetization axis of the magnet along the 110 crystallographic axis of the diamond crystal in such a way that displacing the magnet along its magnetization axis rotated the magnetic field by the polar angle θ in the 001 × 110 (φ = 0
• ) crystallographic plane. This was confirmed by performing spectral measurements on an ensemble of NV centers and observing the spectral overlap of the resonance frequencies of two out of the four NV crystallographic classes. Fixing the position of the magnet at the polar angle θ = 90
• and rotating the magnet along its vertical axis further rotated the azimuthal angle φ of the magnetic field in the 110 × 1 10 crystallographic plane.
To quantify the strength and orientation of the static magnetic field at each position of the magnet, we first measured the resonance frequency of the NV electron spin in the m s ∈ {0, −1} manifold using a continuous wave electron spin resonance (cw-esr) sequence (Fig. 2a) . The set of measured frequencies was, however, not sufficient to uniquely determine the strength and orientation of the static magnetic field; there indeed existed an infinite number of admissible values for (B 0 , θ) that resulted in the same resonance frequency (Fig. 2b) .
To resolve this ambiguity, we further measured the frequencies of the electron spin-echo envelope modulation (ESEEM) [36] caused by the strong dipolar coupling to the intrinsic N-15 nuclear spin of the NV center (Fig. 2c) . In the presence of a static magnetic field oriented along a direction different from the molecular axis of the NV center ( 111 crystallographic axis), the bare energy levels of the NV electron spin and N-15 nuclear spin are mixed, such that the spin-echo signal is modulated at the nuclear frequencies and their combinations, {ν 1 , ν 0 , ν 1 ±ν 0 }. These frequencies correspond to the quantization energies of the nuclear spin conditional on the NV electron spin being in the m s = 0 or m s = −1 spin states.
We numerically simulated the ESEEM spectrum [37] by diagonalizing the electron-nuclear spin Hamiltonian of the NV center for different values of the strength and orientation of the static magnetic field. For each position of the magnet, we searched for the field parameters (B 0 , θ) that best reproduced the measured ESEEM spectrum (Fig. 2b) under the constraint of a known NV resonance frequency. Following this approach, we determined a unique pair of admissible values for the field parameters • . The solid line is the best least-square fit of both sets of experimental data to the eigenvalues of an axially-symmetric hyperfine tensor with four free parameters.
at each magnet position (Fig. 2d) .
Characterizing the hyperfine tensors-After establishing a reliable mapping between the position of the magnet and the strength and orientation of the static magnetic field, we set forth to characterize the hyperfine tensors of the two unknown electron-nuclear spin defects following an approach akin to tomographic imaging reconstruction.
From a geometric point of view, the hyperfine tensor can indeed be represented as an ellipsoid, whose dimensions are given by the principal components of the hyperfine tensor, {A x , A y , A z }, and whose orientation is given by the principal angles of the hyperfine tensor, {α, β, γ}. Rotating the magnetic field around a fixed axis generates multiple tomographic cuts of the hyperfine ellipsoid that allow estimating the ellipsoid parameters.
We estimated the hyperfine parameters by monitoring the change in the frequency splitting of the two hyperfine doublets as a function of the orientation of the static magnetic field (Fig. 3) . To simplify the spectral identification problem, we assumed the hyperfine tensor A to be axially symmetric (i.e., A x = A y ≡ A ⊥ ), neglected the nuclear Zeeman term, and chose the g tensor to be isotropic with its principal value equal to the electron spin g-factor (i.e., g = g e · 1). These assumptions were consistent with our set of experimental measurements, which could be further extended to reliably distinguish between an axially-symmetric tensor and a full tensor [34] . Characterizing the unknown electronnuclear spin defects thus involved measuring a set of four unknown parameters, {A ⊥ , A , α X , β X } (Fig. 1c) .
We simultaneously fitted the set of all measured hyperfine strength values to the set of eigenvalues obtained by diagonalizing the spin Hamiltonian of Eq. (1). We obtained A ⊥ = 17.2(3), A = 29.4(2), α X = 0(2), β X = 87(2) for the first spin defect (X 1 ) and A ⊥ = 1.6(3), A = 11.2(2), α X = 45(2), β X = 66(2) for the second spin defect (X 2 ). We searched the scientific literature [20, [38] [39] [40] [41] [42] [43] for paramagnetic defects sharing these parameters, but could not find any suitable candidates, possibly indicating that we were dealing with previously unstudied spin defects in diamond. We believe these defects to be nitrogen-related defects created during nitrogen ion implantation or silicon-related centers resulting from the use of a silicon implantation mask. Although additional spectral measurements will be required to uniquely identify these two spin defects, as of interest to materials science, the measured hyperfine parameters provide a consistent description of our spin system that is sufficient to control and exploit its spin degrees of freedom for practical quantum applications.
Characterizing the magnetic dipolar interaction tensors-To spatially locate the unknown spin defects in the environment of the NV center, we measured the change in the dipolar interaction strength as we rotated the polar angle θ of the static magnetic field in the azimuthal plane φ = 0. Because the NV and X electron spins are quantized along different axes, the transformation of the dipolar interaction tensor under rotation of the magnetic field is non-trivial [34] . Another complication is that, as the magnetic field is rotated away from the NV molecular axis, the NV coherence signal becomes modulated by the hyperfine interaction with the intrinsic N-15 nuclear spin, in addition to the desired modulation due to the dipolar interaction with the recoupled X electron spin (Fig. 4a) .
We first measured the dipolar coupling strength between the NV electron spin and each X electron spins by extracting the low-frequency dipolar contribution to the modulation of the SEDOR signal (Fig. 4b) . We then calculated the dipolar coupling strength for various locations of the spin defects. We finally computed the least square error between the measured values and the calculated values to generate probability distribution maps of the location of the two X spin defects with respect to the NV center (Fig. 4c-d) . The estimated distance from the NV center at the most probable location is r 1 = 9.23(3) nm and r 2 = 6.58(3) nm for X 1 and X 2 respectively. We further searched for signatures of direct magnetic dipole-dipole interaction between X 1 and X 2 , but could not resolve any coherent interaction, indicating that the defects are farther apart to each other than to the NV.
Conclusions-We have demonstrated spectral identification techniques to characterize and locate two unknown electron-nuclear spin defects in the environment of a single NV center in diamond. These techniques are readily applicable to study the physical properties of single paramagnetic defects in diamond or similar host materials such as silicon carbide.
Studying the physical properties of paramagnetic centers created by ion implantation and annealing could guide fabrication techniques, leading to novel approaches to mitigate lattice damage or to create single spin defects with improved coherence and spectral properties. In addition, as spin defects affect the optical, charge, and spin properties of NV centers, characterizing their spin properties enables developing coherent control techniques to effectively suppress their detrimental influence, e.g., by polarizing their spin state or photo-ionizing weakly bounded electrons, or exploit them for practical applications. Finally, as spin defects are representative of molecular structures, e.g., labeled proteins, these techniques can be applied to identify spin systems of greater complexity, including unknown molecular structures placed near the surface of diamond [31, 32] . Future work will focus on converting these hybrid electron-nuclear spin systems into quantum resources for quantum sensing and information processing. This work was in part supported by NSF grants PHY1415345 and EECS1702716. A. C. also acknowledges financial support by the Fulbright Program and the Natural Sciences and Engineering Research Council of Canada. We are grateful to Chinmay Belthangady and Huiliang Zhang for their experimental support.
SUPPLEMENTAL MATERIAL Experimental system
The nitrogen-vacancy (NV) center in diamond is a point-defect formed by a substitutional nitrogen atom located nearby a vacancy in the diamond lattice. The NV center in its negatively charged state (NV − ) has two unpaired electrons that form a spin-triplet ground state with three magnetic sub-levels, m s = {0, ±1} and a zero-field splitting of ∆ = 2π · 2870 MHz. The NV center has a spin-triplet excited state with a phonon-broaden spin-preserving optical transition in the visible range centered at 637 nm. This optical transition enables spin-state initialization in the m s = 0 ground state by optical pumping and spin-state readout by fluorescence imaging. The host nuclear spin (I = 1 for N-14, I = 1/2 for N-15), coupled by an anisotropic hyperfine interaction, provides additional degrees of freedom for storing quantum information and assisting in magnetic sensing applications.
We fabricated two-dimensional arrays of confined ensembles of spin defects in a synthetic diamond crystal by implanting N-15 nitrogen ions through circular apertures with a diameter of 30 nm. The diamond substrate was a single crystal chemical vapor deposition (CVD) diamond from Element Six with a 100 µm-thick layer of isotopically enriched 99.999 % C-12 grown on top of a 300 µm-thick electron grade single crystal diamond substrate. The diamond sample was cut with its edge directed along the 110 crystallographic axis, such that the 111 molecular axis of the NV center lied in the 110 × 001 crystallographic plane with its transverse projection oriented towards the 110 edge of the diamond sample. We patterned circular apertures in a 150 nm-thick layer of Poly(methyl methacrylate) (PMMA) using electron-beam lithography with an exposure dose of 1400 µC/cm 2 . We then implanted N-15 nitrogen ions with an energy of 14 keV and a dose of 1e13 cm −2 . We chose these implantation energy and dose parameters as a trade-off between increasing the mean distance to the diamond surface and reducing the longitudinal straggling of the nitrogen ions. We further annealed the diamond sample at a temperature of 800
• C for 4 h to promote the mobility of vacancies and create NV centers with a conversion efficiency of less than a few percent. We finally cleaned the surface of the diamond with a boiling mixture of concentrated acids (1:1:1 H 2 SO 4 : HNO 3 : HClO 4 ). We routinely cleaned the diamond surface with a piranha acid solution (3:1 H 2 O 2 : H 2 SO 4 ) and did not observe any modifications of the properties of our spin system. Numerical simulations with the SRIM software indicated that the spatial distribution of substitutional nitrogen defects in each implanted region was normally distributed with a mean implantation depth of 19.9 nm and a longitudinal straggling of 6.6 nm, greater than the interaction range with surface spins. We searched over more than 150 implanted regions to identify three single NV centers, one of which exhibited a strongly modulated interferometric signal and was thus used in this study. For this NV center, we could not resolve a coherent signal from ensembles of nuclear spins associated with impurities on the surface of the diamond sample or protons of the confocal oil, suggesting a relatively deep NV center.
Characterizing the hyperfine interaction strength
We derive an analytical expression for the hyperfine coupling strength in the secular approximation as a function of the orientation of the static magnetic field. The Zeeman Hamiltonian for the electron spin is given by
= g e β e B · S
= ω e (cos(θ)S z + sin(θ)(cos(φ)S x + sin(φ)S y )),
where ω e = g e β e B 0 is the Zeeman energy of the electron spin and B(θ, φ) = B 0 (sin(θ) cos(φ), sin(θ) sin(φ), cos(θ)),
is the magnetic field vector expressed in the crystal frame using the polar and azimuthal angles (θ, φ).
The strength of the magnetic field is chosen such that the hyperfine coupling strength is smaller than the electron spin Zeeman energy, but larger than the nuclear spin Zeeman energy, i.e., ω n A ω e . Under this assumption, the electron spin is quantized by the Zeeman energy, whereas the nuclear spin is not.
Recall that the hyperfine tensor is fully characterized by its principal components {A x , A y , A z }, and its orientation with respect to the crystal frame, given by the Euler angles, {α, β, γ}. The hyperfine tensor in its principal coordinate frame is thus represented by a diagonal matrix
which can be rotated into the crystal frame asÂ
where R is the rotation matrix describing the transformation of the hyperfine matrix from its principal coordinate frame to the crystal frame, For simplicity, assume the magnetic field to be aligned along the z-axis of the crystal frame, such B = B 0 · (0, 0, 1) for θ = 0 and φ = 0. The secular hyperfine Hamiltonian is given by
≈ S zÂz · I = S z (A zx I x + A zy I y + A zz I z ),
giving rise to an effective hyperfine frequency shift of C z = A 2 zx + A 2 zy + A 2 zz .
In general, the hyperfine coupling strength is given by C z = Tr{(H e ⊗ I x )H h } 2 + Tr{(H e ⊗ I y )H h } 2 + Tr{(H e ⊗ I z )H h } 2 /4ω e .
In the case of an isotropic hyperfine tensor, we have
whereas in the case of an axially symmetric tensor, we have C
